ABSTRACT: Previous studies of uptake and effects of nanoplastics by marine organisms have been conducted at what may be unrealistically high concentrations. This is a consequence of the analytical challenges in tracking plastic particles in organisms at environmentally relevant concentrations and highlights the need for new approaches. Here, we present pulse exposures of 14 C-radiolabeled nanopolystyrene to a commercially important mollusk, Pecten maximus, at what have been predicted to be environmentally relevant concentrations (<15 μg L −1 ). Uptake was rapid and was greater for 24 nm than for 250 nm particles. After 6 h, autoradiography showed accumulation of 250 nm nanoplastics in the intestine, while 24 nm particles were dispersed throughout the whole-body, possibly indicating some translocation across epithelial membranes. However, depuration was also relatively rapid for both sizes; 24 nm particles were no longer detectable after 14 days, although some 250 nm particles were still detectable after 48 days. Particle size thus apparently influenced the biokinetics and suggests a need for chronic exposure studies. Modeling extrapolations indicated that it could take 300 days of continued environmental exposure for uptake to reach equilibrium in scallop body tissues although the concentrations would still below 2.7 mg g −1 . Comparison with previous work in which scallops were exposed to nonplastic (silver) nanomaterials of similar size (20 nm) , suggests that nanoparticle composition may also influence the uptake tissue distributions somewhat.
■ INTRODUCTION
Plastics are lightweight, inexpensive, and highly durable materials that are used in a wide variety of products, which have contributed to almost every aspect of modern life, displacing other materials and revolutionizing contemporary society. In 2016, global plastics production totaled around 335 million metric tons, around 40% of which was in single-use products that are discarded rapidly. 1 Consequently, considerable quantities of end-of-life plastics have accumulated as waste in managed systems and as litter in the environment. Once in the environment, exposure to ultraviolet light can cause plastics to become brittle and then fragment by mechanical action, leading to the formation of microscopic pieces, sometimes known as microplastics (MP) . 2 It is estimated that up to 51 trillion microplastic fragments have accumulated at the sea surface and that quantities are increasing. 3 It has been widely suggested that this fragmentation will eventually result in the formation of plastic nanoparticles (NP). Current analytical approaches limit the ability to isolate and identify nanoparticles from environmental media. However, there is some experimental evidence to indicate the potential for nanoparticles to have accumulated in the environment. For example, Koelmans et al. 4 (2015) reported fragmentation of expanded polystyrene (EPS) to micro-and nanosize pieces in experiments involving a month of accelerated mechanical abrasion with glass beads and sand. Some other laboratory studies have also identified the presence of plastics at the nanoscale in water, after exposure of larger plastics pieces to UV and visible radiation. 5, 6 Given the current rate of entry of plastic litter to the environment the potential for substantial long-term accumulation of nanoplastic fragments seems high. In addition, a range of nanoplastic particles are manufactured for commercial applications, including in paints, adhesives, coatings, biomedical products, electronics, 7 and cosmetics; 8 it seems likely that some of these manufactured nanoparticles will also be released to the environment.
A number of studies, all of which are laboratory based, have investigated either the uptake or effects of nanoplastics on a range of marine organisms. The majority have used concentrations exceeding by two to seven orders-of-magnitude, those predicted to occur in the environment (e.g., ref 3, SI Figure S1 and associated references). Predicted environmental concentrations, which are likely to increase exponentially as the particle size decreases are, for example,
(μg L −1 = parts per billion, ppb) for ∼50 nm and below 0.5 μg L −1 for 5 μm plastic particles. 9 Concentrations are likely to be higher in environmental compartments where there is some degree of plastic particle accumulation.
A first step toward understanding the potential effects of nanoplastics on organisms is to describe the dynamics of ingestion and accumulation at predicted environmental concentrations in seawater (i.e., up to 15 ppb). 10 This has proven to be a difficult analytical challenge. Some studies have attempted to track fluorescent particles using commercially available, manufactured, surface-functionalized polystyrene nanoparticles, to produce qualitative characterization of the ingestion of MP or NP and tissue distributions in relatively transparent aquatic organisms. 11−13 However, the use of fluorescent particles has a number of disadvantages, including high limits of detection (often in the range mg L −1 ), interferences from fluorescent background signals, the limited range of applicable organisms and rather weak resolution (e.g., due to internal light diffraction/reflection). The challenges of tracking plastic particles in biological or environmental media (including the need for lower limits of detection) have therefore impeded quantification of uptake and accumulation at environmentally realistic concentrations, thus far.
Stable and radioisotope techniques have recently been used successfully to study the fate of nonplastics nanoparticles at environmentally relevant concentrations. 14−16 In principle, this approach could also be used to study fundamental and largely unexplored questions concerning ingestion, depuration and tissue distributions (i.e., translocation) of nanoplastic particles by, and in, organisms. 17 Indeed, radiolabeled nonplastics nanoparticles have been used to overcome the significant limitations for quantifying nanomaterials in environmental and biological media 15,18−20 and to facilitate work at low limits of detection. For instance, radiolabeled silver nanoparticles (nAg) were developed for quantifying and visualizing the distribution of particles in mollusks following exposures at concentrations as low as 100 ng L −1 by quantitative whole body autoradiography (QWBA).
14 Such, techniques offer the possibility for direct visualization of intraorgan nanoparticle concentrations. Unfortunately, radiolabeled nanoplastics are not currently available, to our knowledge.
In the present study, we synthesized 14 C-labeled nanopolystyrene particles (24 and 250 nm), and then exposed scallops to these particles, measured the biokinetics and quantified NP tissue distributions via QWBA. We used environmentally realistic NP concentrations (15 ppb) to test the hypothesis that this commercially important mollusk might uptake, absorb, and depurate, NP differently according to size. For each particle size, scallops were exposed to a single pulse (6 h) of radiolabeled NP in seawater in the presence of food. Exposed and control animals were sampled over time (i.e., during 48 days) to track NP and to quantify particle distribution.
■ MATERIALS AND METHODS
Synthesis, Radiolabeling, and Particle Characterizations. Radioactive styrene [methylene-14 ] (American radiolabeled chemicals Inc., ARC, Saint-Louis, MO) with a nominal specific activity of 2.22 GBq mmol −1 was used to synthesize two batches of spherical polystyrene nanoparticles with sizes of approximately 24 ± 13 and 248 ± 21 nm, hereafter described as nPS 24 and nPS 250 , following the procedures used by Ming et al. 21 and Telford et al., 22 respectively, for synthesis of nonradiolabeled nanopolystyrene (nPS). As the behavior of nanoparticles can be influenced by their shape, spherical nPS were prepared so as to be comparable with most previous laboratory-based studies on uptake of plastic particles (SI Figure S1 ). Unreacted monomer was removed by ultrafiltration (exclusion size of membrane: 30 000 g mol
). The average size and ζ-potential and the polydispersity index (PDI) of the polymer particles were measured using a multiangle Nicomp ZLS Z3000 (Particle Sizing System, Port Richey, FL). Particle morphology was observed by transmission electron microscopy (TEM; JEOL 1400), at an accelerating voltage of 80 kV. Composition was characterized by Fourier Transform InfraRed spectroscopy (Alpha II FTIR, Bruker).
Organisms. Pecten maximus (n = 108, hermaphrodite, shell height 115 ± 16 mm and width 100 ± 13 mm, soft tissue weight 73 ± 16 g), were collected by divers in Plymouth Sound (United Kingdom, 50°21.292' N, 004°09.474' W). Before the experiment, the scallops were acclimated for 2 weeks in a 400 L aquarium provided with running seawater (flow rate about 10 L min −1 ). Water temperature was 12−13°C and salinity 30−32 PSU throughout acclimation and experiment periods. Scallops were fed daily with a suspension of phytoplankton, which was a mix of Isochrysis spp., Pavlova spp., Tetraselmis, Chaetoceros calcitrans, Thalassiosira weissflogii, and Thalassiosira pseudonana (2 × 10 9 cells mL −1 ; ca. 4−20 μm, shellfish diet 1800) at 3% of the dry weight of the animal tissue. The wet weight of each individual was recorded before the start of the exposures.
Exposure Protocol. Scallops were starved for 2 days prior to exposure. A mixture of algae and radioactive nPS (either nPS 24 or nPS 250 ) was added to glass aquaria (50 L containing 20 L of aerated and filtered seawater) 1.5 h and 45 min, respectively, before adding groups of 12 scallops. Nominal 14 C water concentrations were 5 kBq 14 C L −1
, which represented 15 μg L −1 of nPS. The scallops were given a 6 h pulse exposure. Subsequently, scallops were placed in clean 60 L tanks with flowing seawater for a depuration period of 48 days. Temperature, salinity, and daily feeding were maintained as above.
Liquid Scintillation Counting (LSC). Samples of water and soft tissue of scallops were collected during the 6 h uptake period in order to determine a mass balance between water and tissue. Radioactivity in the water was measured in a 10 mL sample using LSC at 1, 2, 3, 4.5, and 6 h. Scallop soft-tissue
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Article was sampled at 2, 4.5, and 6 h. On each occasion, samples were collected in triplicate. 14 C-activity was also measured during the depuration period in the scallops at 1, 2, 3, 8, 14, 24, and 48 days. Soft-tissues were removed from the shells and digested according to the method of Thomson and Burns. 23 Prior to total 14 C-measurements by LSC, 10 mL of Ultima Gold cocktail was added to each sample (including water and soft tissue samples) and samples were kept in the dark for 24 h to avoid any chemioluminescence quenching. Samples were measured using a Hidex 300SL counter at the Gordon Institute, University of Cambridge (U.K.), (10 min counting time, minimum detectable activity (MDA) = limit of detection (LOD) 0.08 Bq mL
; SI eq S1). Background count rates were determined by counting samples from the control exposure (i.e., water and scallops from aquaria to which no nPS particles had been added).
Quantitative Whole-Body Autoradiography (QWBA). The distribution of particles in tissues was visualized using QWBA on two scallops from each group at the end of the exposure period (i.e., after 6 h of uptake), after 8 days of depuration and after 48 days of depuration. Soft tissues were detached from the shell, embedded in a 2.5% (p/v) aqueous gel of carboxymethylcellulose and flash-frozen in liquid nitrogen. The resulting block was cut at −25°C with a specially designed cryomicrotome (Leica CM3600). A pair of 50 μm thick tissue sections was collected every 0.75 mm, freeze-dried and exposed for 3 weeks on a phosphor screen. The screens were scanned with a phosphor imager Typhoon FLA7000 (GE Healthcare) to obtain images of the 14 C distribution. Areas of interest were isolated, and radioactivity quantified as digital light unit per mm 2 of tissue section (DLU mm −2 ) with ImageJ. These values were corrected for exposure time on phosphor screens, normalized for an exposure concentration of 5 kBq L −1 and expressed as a signal/noise ratio (S/N) to correct for background BG (in DLU mm −2 h −1 ) as described by Al-Sid-Cheikh et al.
14 using R script treatment. Calibration blood dots were added to each screen to permit quantification in units of Bq g −1 , ng g −1 and particles g −1 . Kinetic Models of Accumulation. Accumulation in the animal (dC A /dt) is related to the concentration in water (C W ), and an uptake rate constant (k upt ) and can be expressed as
Elimination was modeled according to the following biexponential equation:
where C t corresponds to the percentage of radioactivity remaining at time t, relative to radioactivity measured at t 0 ; C 1 and C 2 represent the percentage of radioactivity in the fast (C 1 ) and slow (C 2 ) kinetics compartments at t 0 (C 1 + C 2 = t 0 = 100); k e1 and k e2 correspond to the elimination rates in the fast and slow kinetics compartments, respectively. Uptake and elimination parameters (i.e., k upt , C 1 , C 2 , k e1 and k e2 ) were determined using the method of Borretzen and Salbu, 24 as described by Al-Sid-Cheikh et al.
14 using R. The long-term bioconcentration factor (BCF) of 14 C, nPS 24, 250 was modeled as described by Al-Sid-Cheikh et al.
14 BCF is the quantity of NP in each scallop at time t expressed as a bioconcentration factor. All k upt of 14 C were compared between groups using t tests.
■ RESULTS
Uptake. Both 24 and 250 nm nanopolystyrene (nPS) accumulated in P. maximus during the pulse exposures ( Figure  1a ). During this 6 h period, the scallops accumulated 30% and 15% of the available NP burden in the medium, for nPS 24 and nPS 250 , respectively (Figure 1a , SI Table S1 ). The data shown in Figure 1a indicate that nPS 24 was taken up 2.5 times faster (p-value < 0.001, t test, n = 6) than nPS 250 with uptake values of 0.5 ± 0.08 and 0.2 ± 0.01 Bq h −1 (SI Table S2 ), respectively. Consequently, at these rates, the accumulation capacity (i.e., here define as 95% of the scallop capacity) would be reached after 11 and 30 h of continued exposures for nPS 24 and nPS 250 (t 0.95 , SI Table S2), respectively. Depuration. For both particle sizes, the majority of nPS were depurated within 3 days (Figure 1b, c) . Specifically, during the first compartment of depuration, 88 and 68% of the initial burdens were purged for nPS 24 and nPS 250 , respectively, with a similar elimination rate (k e1 ) and biological half-life (t 1/2 ) of about 1.4 days ( Table S3 ). The main difference between particle sizes occurred during the subsequent depuration compartment, where the rates (k e2; t 1/2 = 35 and 64 d) were 25 and 50 times slower than for the first stage (k e1 ) Figure 1 . Biokinetics of uptake and depuration of 24 and 250 nm nanopolystyrenes. (a) 14 C-levels expressed as a percentage of radioactivity relative to 14 C spiked at t 0 in the aquarium; open symbols represent the activity removed from the water (mean ± SD, n = 3) and solid symbols the total activity measured in the scallops (mean ± SD, n = 3) and (b) nPS 24,250 levels (i.e., solid black triangle and solid gray circle, respectively), expressed as % radioactivity (in tissue) remaining relative to maximum available in the aquarium during the uptake, (c) nPS 24,250 levels (same legend as a and b), expressed as % radioactivity remaining relative to depuration t = 0 (mean ± S.D., n = 3). Data are also shown in SI Table S1 .
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Article for nPS 24 and nPS 250 , respectively. That is, depuration kinetics were slower for nPS 250 than for nPS 24 . The LSC limit of detection was reached after 14 days of depuration for nPS 24 particles, while nPS 250 particles were still detectable after 48 day depuration (Figure 1b, c) .
Tissue Distributions. The distribution of nPS 24 within scallops after the 6 h exposure to a single pulse was revealed by QWBA (Figure 2a ; SI Figures S3 and S4) . Quantification showed that after 6 h, nPS 24 was distributed in the hepatopancreas (1579.5 ± 35 ng), gills (1385.7 ± 400 ng), gonad (913.9 ± 16 ng), muscle (863.0 ± 19 ng, kidney (328.7 ± 15 ng), intestine (226.8 ± 16 ng), and anus (163. Two ±22 ng) (Figure 2b , SI Table S4 ). After 8 days of elimination, nPS 24 was still detectable (Figure 2c ). The amounts remaining at this stage (Figure 2d , SI Table S4) were 556.8 ± 171 ng (gills), 324.6 ± 31 ng (hepatopancreas), 149.6 ± 211 ng (muscle), 148.7 ± 97 ng (gonads), 35.9 ± 24 ng (kidney), and 13.0 ± 18.4 ng (anus). After 14 days, 14 C levels of nPS 24 were below the limit of detection of QWBA, in agreement with the LSC measurements. The activity recorded by QWBA for scallops exposed to nPS 250 was significantly lower than those for nPS 250 (consistent with slower and reduced uptake of nPS 250 of this size) and was only detectable as a single spot of activity in the intestine (SI Figure S2) . Any activity in the anus, hepatopancreas, kidney, intestine, gonad, gills, and muscle was below the limit of detection.
Bioaccumulation. Long-term chronic exposure model predictions were generated from the results of the singlepulse experiment. Bioconcentration factors (BCF) representing the quantity of nPS 24 and nPS 250 in the scallops at time t, expressed as the BCF in mL exposure water g Figure S4 ), that the concentration of nPS 24 in the scallops would increase faster than nPS 250 during the first 60−100 days of exposure and would then reach a steady state after around 200 d. BCF 250 was calculated to increase more slowly in the first 60−70 days but was predicted to reach a steady-state after around 300 days (Figure 3) . Bioaccumulation modeling predicted that during 
Article chronic exposures, nPS 250 would become more bioconcentrated in P. maximus than nPS 24 . Consequently, the predicted concentrations ( Figure 3 ) after a year would be 1.8 and 2.7 mg g −1 (wet weight) for nPS 24 , plastic particles accumulated rapidly in the scallop (Figure 1a) . Once transferred to clean seawater, the radioactive particles were depurated relatively rapidly ( Figure  1b) . The potential for some nPS 24 detectable by QWBA, but not detectable nPS 250 particles, to transfer via the circulatory system is also suggested somewhat by the data, which apparently show the presence of nPS 24 in muscles. This emphasizes the advantages of using radiolabeling techniques. These may now be used to investigate the distribution of NP particles at relatively low concentrations to other organisms and during longer-term exposures in order to reach steady states at environmentally realistic concentrations and with modeling perhaps to provide useful information on the potential chronic fate of NP.
Ingestion of Nanopolystyrene. Bivalves are generally capable of discriminating between algal cells of different sizes by a pseudofeces rejection mechanism. 25 The retention pattern for particles below 5−7 μm varies somewhat between species. For example, Chlamys islandica is more efficient in capturing small particles than Chlamys opercularis. 25 Some scallops, such as Pectinidae, are capable of ingesting larger particles (up to 950 μm 26 ). This ability has been related to the apparent absence of a sorting mechanism based on particle sizes. 27 Nevertheless, an upper limit for capture/ingestion of particles of approximately 20 μm for adult scallops has been suggested. 28 Our experiments show a size effect at much smaller sizes, on the uptake rate of nPS by P. maximus. nPS 24 was taken up 2.5 times faster than nPS 250. These results are in agreement with a previous experiment exposing 20 and 80 nm radiolabeled silver nanoparticles (i.e., n 110m Ag 20−80 ) to the scallop C. islandica under similar conditions. 14 Indeed, nPS 24 accumulated at a similar rate to n 110m Ag 20 , while n 110m Ag 80 was ingested at a slower rate than observed for nPS 250 . Three levels of specialization are generally suggested to explain the variability in particle processing by bivalves: morphological (different pallial organ configurations corresponding to differences in processing sites and mechanisms), biochemical (different mucopolysaccharide types accomplishing different processing functions) and ciliary, with specific ciliary types affecting different functions, such as particle interception or various types of transport. 29 We suggest that one, or all, these mechanisms (most probably pallial organ configuration and a ciliary level of specialization), may be less effective for nanoscale particles. The difference between the ingestion rate of smaller and larger nPS could possibly also be explained by differences in sedimentation and agglomeration rates of the particles, which would affect their availability to the scallops. For example, Ward and Kach 30 observed that marine aggregates facilitated the ingestion of nPS 100 in oysters and mussels. In a similar way, White 31 (1997) found that flocculation increased the ability of adult Placopecten magellanicus to retain small (<7 μm) clay particles. If the smaller nPS agglomerate and precipitate faster than the bigger NP, smaller nPS might have become more accessible to the scallop. Recently, it has been suggested that bivalves might also uptake plastic particles through adherence, in addition to traditional ingestion. 32 This alternative absorption mechanism is likely to occur during quick depuration processes and indicates that plastic particles could relocate in bivalves via the action of the foot and the mantle.
Depuration of Nanopolystyrene. Particle selection in the gut or in the digestive gland-stomach of bivalves is complex and not well understood. It is thought that some bivalves can discriminate among particles in the gut and can preferentially adsorb nutritional particles. 33−35 Post ingestion discrimination is thought to occur, either by the preferential retention of some particles in the stomach, allowing more time for extracellular digestion, or by the direction of some particles toward the digestive gland for intracellular digestion. 25 In the present experiment, the first step of the depuration process (i.e., where more than 65% of the initial burden was purged), showed relatively high depuration rates; approximately 13 times faster for both sizes of nPS than those previously observed with n 110m Ag 20 14 . P magellanicus has, for example, been shown to distinguish between particles of different size and density and to retain larger and lighter particles longer. 36 Such size and composition selection require energy consumption. However, little is known about the associated energy costs. 25 Nevertheless, the presence of NP might represent an important energy cost. For example, in bivalves such as Mytilus edulis, the excretory loss of nitrogenous products can represent up to 31% of respiratory energy demand. 37 Tissue Distribution of Particles. Tissue distribution is of key importance for evaluation of the potential for particles translocation within an organism and thus for future understanding of any toxicological effects and transfer within the food web. 38 Translocation may increase residence time, bioaccumulation and create long-term effects in organisms. 17 Fluorescent labeling has been widely used to track contaminants in environmental compartments (e.g., refs 11 and 39). However, this approach has major restrictions, such as the limit of detection, the type of organisms that can be used (i.e., a relatively transparent organisms), fluorescent responses from background material and the poor optical resolution (e.g., due to internal light diffraction/reflection). Studies have produced qualitative characterization of ingestion of MP/NP in relatively transparent organisms. 11−13 The tissue distribution of nPS 24 in Pecten maximus suggests ingestion and accumulation in the digestive cavity and tubules and translocation into the circulatory system from which radioactive particles reached the gonad, kidney and muscle (Figure 2) . The presence of NP in muscle tissue perhaps indicates that some particles had crossed epithelial membranes. Our results with nPS 24 show contrasting tissue distributions to previous observations with n 110m Ag 20 , which were mostly distributed in the hepatopancreas (including a "hot spot" in the gastric shield). This
Article comparison between nanoparticles of similar sizes, but different compositions (nanopolystyrene versus nanosilver), suggests that tissue distributions might be influenced by the type of nanoparticles. These observations suggest that the chemical composition of the nanomaterials may have important effects on their behavior in biological systems, perhaps due to differences in physical chemistry. The relatively homogeneous distribution of nPS 24 compared to that observed for n 110m Ag 20 , as well as the relatively higher accumulation of nPS 24 than nPS 250 in the hepatopancreas and kidney and its rapid disappearance from the gills, suggest stronger translocation of nPS 24 than nPS 250 and different depuration mechanisms. Nanoparticles are likely to follow the same uptake routes as suspended food particles, which are normally trapped in mucus and transported toward the digestive gland by ciliary action. 29 The binding of nPS 24, 250 by mucus proteins and transport by this same route cannot be excluded, but it is not possible with the present data to determine the contribution of this route compared to possible uptake via the gills. Furthermore, contrary to previous work with n 110m Ag 20 , the presence of nPS 24 in kidney, heart, and muscle suggests possible translocation to the circulatory system, which might be explained by capability to cross-epithelial walls and cell membranes (i.e., lipid membranes) 40 or indirect transportation by hemocytes after absorption. 41 ■ ASSOCIATED CONTENT
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